Infants who die within the first weeks to months of life may have genetic disorders, though many die without a confirmed diagnosis. Non-genetic conditions may also be responsible for unexplained infant deaths, and the diagnosis may be reliant upon studies performed in the peri-mortem period. Neonatologists, obstetricians, or pediatricians caring for these children and their families may be unsure of which investigations can and should be performed in the setting of a newborn or infant who is dying or has died. Recent advances in genomic sequencing technology may provide additional diagnostic options, though the interpretation of genetic variants discovered by this technique may be contingent upon clinical phenotype information that is obtained peri-mortem or upon autopsy. We have reviewed the current literature concerning the evaluation of an unexplained neonatal or infantile demise and synthesized a diagnostic approach, with a focus on the contribution of new and emerging genomic technologies.
Introduction
Many rare diseases present during infancy, and neonates and infants with congenital anomalies or genetic disorders contribute disproportionately to perinatal mortality [1] [2] [3] [4] [5] [6] . Genetic factors, ranging from common genetic variants that increase the risk of disease to rare, deleterious variants that are incompatible with life, likely contribute to unexplained neonatal and infant deaths [7] . However, at present, the true contribution of genetic disorders to neonatal and infant mortality is unknown owing to lack of recognition and testing. Genetic conditions potentially leading to perinatal or infant death include chromosomal anomalies (e.g., Trisomy 13, Pallister Killian syndrome (tetrasomy 12p), deletion 22q11 syndrome) as well as inborn errors of metabolism and other Mendelian disorders. With the rise of prenatal cell-free fetal DNA testing, an increasing number of chromosomal disorders are being diagnosed early in pregnancy, and congenital malformations that may or may not be genetic in origin are often found by prenatal ultrasonography. Prenatal diagnosis allows families, along with the obstetrical and neonatal team, the opportunity to prepare for an infant that may only survive for a brief period after birth. Other life-threatening conditions, however, may present unexpectedly in the newborn period and lead to death. Although some of these deaths may fall into the categories of "Sudden and Unexplained Early Neonatal Death (SUEND)", "Sudden and Unexplained Death in Infancy (SUDI)", or "Sudden Infant Death Syndrome (SIDS)" many of which are likely related to environmental or multifactorial causes [8, 9] , these should be viewed as diagnoses of exclusion.
Physicians caring for infants who die in the peri-mortem period are often extremely interested in investigating the underlying disorder leading to death, but may not be familiar with all of the resources available for diagnosis. In the case of an out-of-hospital demise, the infant's primary care pediatrician may have the opportunity to collaborate with a medical examiner, coroner, or hospital pathologist to obtain samples that may aid in postmortem diagnosis. We therefore present a review of the literature regarding investigations for a neonatal or infant death and provide testing options for pediatric care providers to optimize their chances of identifying the condition leading to death, genetic or otherwise.
Causes of neonatal or infant death
There are many broad disease categories that can lead to neonatal or infant death (see Table 1 for definitions), and some presentations may fall under multiple categories. According to the most recent National Vital Statistics System data for the United States (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , congenital malformations (which may or may not be genetic in origin) represented the most common cause of infant death, followed by prematurity and low birthweight, SIDS, maternal complications, and unintentional injuries [10] . Deaths in the neonatal intensive care unit (NICU) are also commonly attributed to congenital anomalies [1-5, 11, 12] with sequelae of prematurity, infection, and neurological insults such as hypoxic-ischemic encephalopathy or intracranial and intraventricular hemorrhage also frequently observed [4] . In SUEND, congenital anomalies and metabolic disorders were determined to be responsible for about half of the cases explainable by autopsy in a retrospective study, followed by pulmonary hypertension and bacterial infections [13] . For SUDI, the most common cause in cases explained by autopsy was found to be infection [8] , though genetic cardiac arrhythmias have also been found in these cases [14] . There have been many interesting recent advances in the understanding of SUEND/SUDI/SIDS cases that involve deaths in otherwise apparently healthy neonates and infants, with no explanation found on postmortem investigation, which are outside of the scope of this article. Some neonates and infants who die of unexplained causes may have very rare or even novel genetic disorders and there may be benefit from inclusion in research studies if a comprehensive evaluation is unrevealing, as the evaluation of stillbirths and critically ill infants has led to new disease gene discovery [15] [16] [17] .
Evaluation of neonatal or infant death
Given the diversity of etiologies known to contribute to neonatal demise, a systematic approach to the peri-mortem investigation is recommended, although the process should be tailored to the salient clinical features of a specific case. Key components of the diagnostic evaluation are reviewed below, with a particular focus on the use of whole-exome sequencing (WES) and whole-genome sequencing (WGS), which are becoming more easily obtained and are already changing the landscape of rare disease diagnosis. An algorithm outlining this approach is presented in Fig. 1 , with input from prior reviews of perimortem investigations [18] [19] [20] . Physicians should discuss each case and approach to testing with relevant consultants, including a medical geneticist or genetic counselor where possible (consider the National Society of Genetic Counselors tool to locate a genetic counselor if necessary: https://www.nsgc.org/p/cm/ld/fid = 164), pathologist, or other subspecialists as warranted.
History and physical examination
In addition to the infant's medical history, the maternal medical history, obstetric history, and family history should be reviewed carefully. The maternal history contributed to determining the cause of 26% of perinatal deaths in a retrospective study from the Wisconsin Stillbirth Service Project, a diagnostic yield approaching that of conventional autopsy in this study (30%) [21] though the yield may wane with increasing postnatal age. In the assessment for potential genetic disorders, obtaining a family history, particularly focusing on a history of birth Clinicians should perform and document a detailed physical examination, paying close attention to possible dysmorphic features or external malformations and to signs of external trauma (particularly for infants who have lived at home and die in the community). A recommended approach to death scene investigation in SIDS cases has been published by the Centers for Disease Control and Prevention [22] . Whole-body photographs have also been shown to be helpful in the evaluation of perinatal deaths [21] , and these images are easy to store and to review with specialists who may not have been immediately available at the time of death, though parental consent may be required.
Laboratory evaluation
A comprehensive approach to the laboratory evaluation is presented in Fig. 1 . For perinatal deaths, a maternal sample can be drawn for a Kleihauer-Betke test to evaluate for fetal-maternal hemorrhage; this has been shown to have a diagnostic yield of 8% in the Wisconsin Stillbirth Service Program [21] . At a minimum, the clinician should send a newborn state screen, and it is helpful to also obtain a complete blood count, basic chemistry panel, blood gas, lactate, ammonia, and blood cultures and relevant viral studies to evaluate for infection (even if infection was not suspected clinically). For infants of any age, if an inborn error of metabolism is suspected, the basic evaluation consists of blood samples sent for amino acids, acylcarnitine profile, and total and free carnitine, as well as urine samples sent for organic acids and acylglycines. If a lumbar puncture is performed, cerebrospinal fluid (CSF) lactate, pyruvate, amino acids, and viral studies are helpful to obtain in addition to the standard CSF studies (glucose, protein, • Umbilical cord blood at delivery • Umbilical cord blood from baby after birth (may need to insert low-lying umbilical venous catheter solely for blood draw ) • Peripheral blood • Send newborn state screen • Ensure the placenta is sent to pathology (genetic testing such as karyotype or microarray can be performed on placental tissue if requested) • Consider additional options: complete blood count/differential, culture (aerobic and anaerobic), blood gas • Radiographs (can be done in delivery room, NICU or in Pathology)
• Maternal blood for Kleihauer-Betke, toxicology, viral tests such as cytomegalovirus, rubella
• For genetic testing:
• Karyotype (green top sodium heparin tube )
• Chromosomal microarray (purple top EDTA tube)
• Extract and hold DNA (purple top EDTA tube )
• Consider skin biopsy (requires tissue culture media for storage)
Evaluation for an anticipated death with more time for postnatal investigation Consider the following laboratory evaluations for any clinical scenario and more specialized testing as detailed below
• Filter paper/dried blood spot for newborn state screen • Blood gas with ionized calcium physician should use his or her judgment as to which investigatory approaches should be taken to ensure optimal diagnostic yield with the least amount of intervention cell count, culture). Plasma amino acids, lactate, pyruvate, and glucose should be obtained at the same time as CSF samples to allow for ratios to be determined, which can identify disorders such as non-ketotic hyperglycinemia. If a neurotransmitter disorder is suspected as a cause of epileptic encephalopathy or other neurologic disease, this should be discussed with a neurologist or appropriate laboratory as CSF samples for these assays must be drawn into special tubes, placed on dry ice, and frozen immediately. Spare CSF should also be frozen against the possibility of further metabolic testing. Guidelines for collecting and storing samples for genetic testing were reviewed [18] and are presented in Table 2 .
Blood samples for genetic testing should ideally be obtained at least 48 h after the last blood transfusion (though packed red blood cell transfusions for neonates are typically leukoreduced and DNA is extracted from leukocytes for genetic testing). If clinicians anticipated the need for a blood transfusion, particularly transfusion of whole blood or exchange transfusion, samples for genetic testing should be obtained prior to the transfusion. The emerging utility of molecular genetic testing for diagnosis in perinatal and neonatal death is further reviewed below (see "Genetic evaluation").
Tissue biopsies
Samples of affected tissue may be helpful in determining the condition leading to death. Pathologists can examine tissue biopsies prepared using standard methods to look for histologic indicators of a certain disorder. For example, muscle and nerve biopsies can reveal pathognomonic features of certain neuromuscular conditions in an infant who dies in the setting of unexplained hypotonia and liver biopsies can be useful in identifying certain inborn errors of metabolism. Tissue samples obtained prior to death may also be saved in culture media and used to grow fibroblasts for additional studies, which may be helpful in confirming the functional impact of variants found through genetic testing. Skin biopsies are often used for this purpose, and this simple procedure can be performed by neonatologists, medical geneticists, general surgeons, or dermatologists. Skin biopsies obtained for the purpose of growing fibroblasts should be collected prior to or within a few hours of death if possible (Table 2) .
Tissue samples obtained prior to death or by autopsy can also be used for genetic testing, provided they are obtained and stored appropriately so that DNA can later be extracted (Table 2) . Biopsy samples to be used for future genetic testing should be frozen immediately, as DNA is not easily extracted from degraded or formalin-fixed, paraffinembedded tissue (though if necessary, methods, though not ideal, do now exist). RNA sequencing has recently emerged as a useful adjunct to gene sequencing in the diagnosis of genetic disorders (as in muscle diseases such as muscular dystrophies) as it can be helpful in determining the functional impact of genetic variants by investigating the effect on transcription, particularly in affected tissues [23] . However, as RNA is more sensitive to degradation than DNA, optimal timing of sample collection (ideally within hours of death) and placement in a dedicated RNA collection tube or, if necessary, immediate freezing is critical [24] .
Imaging
If relevant, electrographic studies such as electromyography, electrocardiography, or electroencephalography, as well as dynamic imaging studies such as echocardiogram, can be performed prior to death. Static and non-electrographic imaging studies can be performed postmortem, such as whole-body X rays. These images can help to visualize the positions of various medical support devices that may have contributed to death, to assess for trauma, skeletal malformations, or abnormal accumulation of gas in body cavities (suggesting particular infections), and to potentially clarify the infant's gestational age if unknown [19] . Postmortem radiography may be an important adjunct to autopsy, and may be useful if the family declines a conventional autopsy. A whole-body radiograph was found to aid in confirmation of cause of death in 16% of stillbirths and early neonatal deaths in a recent review [21] . Suggested positioning for these radiographs includes anterioposterior (AP) and lateral whole-body images. The infant's head should be mildly extended and the arms placed at the sides, extended and supinated, with legs also extended for the AP projection. For the lateral view, the infant's arms should be placed on the chest and the hips flexed to avoid overlapping with other structures [25] . If a skeletal dysplasia is strongly suspected, a dedicated skeletal survey is preferred, as pathognomonic findings of a particular disorder, such as achondroplasia, can be seen [21] .
Given declining rates of autopsy [21] , there has been recent interest in the utilization of postmortem magnetic resonance imaging (MRI) for pathologic diagnosis. A prospective study from the United Kingdom assessing concordance between conventional autopsy and "minimally invasive" autopsy, consisting of whole-body MRI with blood sampling, found high rates of concordance, at 81.0% for children under 1 month of age and 84.9% for ages 1 month to 1 year [26] . Certain congenital anomalies, such as brain malformations, may be better visualized using MRI owing to autolysis after death impacting the ability to recognize findings on autopsy [26] . However, brain MRI may miss cases of hypoxic-ischemic injury as it may be performed before changes are visible by this technique [27] . It is important to note that certain histological findings are If samples are to be sent to external laboratories, they should be sent using overnight shipping with a reliable courier. Refrigerated samples < 72 h old can generally be sent at room temperature, whereas frozen samples should be sent on dry ice in an insulated container (e.g., Styrofoam). Please contact the receiving laboratory for specific instructions. FISH, fluorescence in situ hybridization valuable for the diagnosis of specific infections or other rare disorders (e.g., inborn errors of metabolism) and, therefore, MRI is not the perfect substitute for a conventional autopsy [19] . Therefore, MRI may be particularly helpful when complemented by molecular genetic testing or biopsies for histological examination. One major limitation to the routine use of postmortem MRI is the lack of technological availability and clinical expertize to perform these studies at non-academic centers.
Autopsy
Although alternative approaches now exist, a full autopsy performed by a pathologist provides invaluable information. Although the existing literature focuses predominantly on the evaluation following stillbirth [21, 28] , there is limited information available concerning the yield of autopsy in the neonatal period. A study of NICU deaths in Portugal found that autopsy resulted in an explanatory or new diagnosis in 24.5% of cases over 5 years [12] . In a series of SUDI cases from the United Kingdom, autopsy identified the etiology leading to death in 37%, with the cause found via macroscopic or histological examination for 76% of the explained cases [8] . Another retrospective analysis revealed that over half of early neonatal deaths SUEND were etiologically explained following autopsy [13] , and a small series of neonatal deaths in Turkey found that autopsy identified a new diagnosis in 27% [29] . Autopsy typically consists of an external examination followed by evaluation of the internal organs. For perinatal deaths, this would include examination of the placenta and umbilical cord. Placental pathology has been shown to help identify the cause of death in~30% of cases of perinatal death, though this information is not as helpful for older infants [21] . Placental samples can also be sent for cytogenetic or molecular genetic testing (see below) [19] . For genetic testing of the placenta, a portion of the fetal side (i.e., the villi) should be saved and can be submitted as a fresh sample for cytogenetic or molecular genetic studies; samples can also be frozen for potential further genetic testing (of note, this provides the added benefit of being covered under the mother's insurance as testing of a product of conception) [21] . An important caveat to placental genetic testing is the possibility of fetal-placental discordance for genetic testing results, with a genetic abnormality either restricted to the placenta or absent from the placenta but present in the fetus.
The external and internal examinations are complemented by imaging and laboratory tests (particularly microbiological or cytogenetic) [19] . Special consent may be required to examine the eyes, of particular importance in suspected inborn errors of metabolism and certain other genetic disorders. Evaluation of the internal organs includes anthropomorphic measurements, a macroscopic evaluation for congenital malformations and other visible abnormalities, and a microscopic, histological evaluation with special stains if indicated, such as the use of oil-red O staining to look for abnormal deposition of fat in organs as can be seen in certain inborn errors of metabolism [19, 30] . If parents are reluctant to consent to a complete autopsy, the internal examination can be limited to specific body parts. If an internal examination is declined entirely, information can still be gained by a less-invasive autopsy with or without isolated biopsy specimen options (Fig. 2) . For example, on external exam, dysmorphic features and skin lesions can be assessed and photographed [19] .
Imminent death of neonate or infant with an unknown underlying diagnosis
Obtain the following samples for genetic testing (prior to death if possible) Tissue biopsies from affected organs can also be obtained prior to death. Pre-or postmortem biopsied tissue to be saved for genetic testing should be frozen immediately, not formalin-fixed or paraffin-embedded. See Table 2 for further details on collection and storage If a sample for genetic testing has not been obtained prior to death, samples may be obtained and stored during autopsy for a molecular genetic evaluation (Fig. 2, Table 2 ). It is important to emphasize that biopsy samples obtained by autopsy for future genetic testing (i.e., > 2 days later) should ideally be frozen immediately.
Genetic evaluation: the "molecular autopsy"
Historically, the genetic evaluation of fetal and perinatal death was restricted to cytogenetic techniques, such as karyotype or fluorescence in situ hybridization, to assess for common aneuploidies such as Trisomies 21, 18, or 13. More recently, chromosomal microarray has been recommended as the first-line test in the setting of multiple congenital anomalies [31] , including those found prenatally [32] (often replacing karyotype) and in the setting of stillbirths [33] . Although chromosomal microarray can detect aneuploidy in addition to microdeletions and duplications that may not be visible on standard karyotype, this test may miss balanced translocations (which may be clinically relevant owing to the interruption of genes within the breakpoints of the translocation [34] ). Chromosomal microarray may also miss triploidy (three copies of each chromosome) depending on the technology used. In stillbirths and early neonatal deaths, basic chromosomal analysis has demonstrated a 15% yield in determining an etiology of death [21] . For deaths in the NICU, an older study found 23.3% were owing to a genetic disorder, though molecular diagnoses were few and chromosomal in nature [3] , and a recent retrospective analysis attributed 5% of deaths to a "genetic syndrome" [4] . However, as many deceased infants have not undergone genetic testing or have had only a karyotype or chromosomal microarray, which will generally not detect single gene disorders, Mendelian disorders are likely under-diagnosed in this population.
In recent years, with the rise of massively parallel ("next generation") sequencing technologies, gene sequencing, particularly whole-exome sequencing (WES) or wholegenome sequencing (WGS), has become faster and cheaper and is therefore more easily available to investigate neonatal and infant deaths. WES involves sequencing of all of the protein-coding genes, which comprise 1-2% of the genome [35] , whereas WGS includes sequencing the non-coding regions of the genome that may contain regulatory elements. Although significantly more costly, WGS may detect variants not found by WES. Rather than focusing on sequencing genes associated with a particular condition, such as an epilepsy gene panel, WES or WGS allows for a broader approach. This may be of particular value for unexplained perinatal or neonatal deaths, as these cases are less likely to have a well-defined phenotype suggesting a specific genetic test. Furthermore, sequencing a single gene or panel of genes may be less desirable in the peri-mortem setting, as there may not be an opportunity for further testing if these initial tests return negative. In addition, WES and WGS allow an investigator to re-evaluate the data at a future point when better understanding of genetic variants, that may not have been present at the time of initial analysis, can be incorporated into the diagnostic review. This approach has been shown to increase the total diagnostic yield of WES by 11% 12 months after the initial analysis [36] . Such downstream reviews not uncommonly are requested when the mother is either pregnant, or the parents are planning for another child. It is thought that "hypothesis-free" approaches, including the use of massively parallel sequencing technologies for WES or WGS coupled with metabolomic analyses, may represent the future of the perinatal investigation [37] . However, it is still important to provide as much ancillary information as possible, as interpretation of the many variants found is critically dependent upon this information. The use of WES or WGS for diagnosis of deceased patients has been termed the "molecular autopsy" and has demonstrated utility in cases of fetal death [15, 38] . A study in Japan focusing on 129 genes related to inborn errors of metabolism and cardiac arrhythmias in a cohort of 71 cases of unexplained infant death found possible postmortem diagnoses in 11 infants [39] . It has been suggested that WGS should be pursued in all cases of unexplained infant death [7] , though a particular challenge to postmortem testing in the United States is insurance approval, as testing that is ordered after a child has died will generally not be covered by the child's insurance. Some companies will provide postmortem testing at a reduced cost as a compassionate service, and gene sequencing can sometimes be pursued via a research protocol that will not be billed to the family.
The diagnostic yield of WES has been previously demonstrated to be 25% in a predominantly pediatric cohort [40] , and the use of WES or WGS for the diagnosis of critically ill neonates has been increasing in popularity, with a diagnostic yield of~50% [16, 17, [41] [42] [43] [44] . It may therefore be anticipated that the known genetic contribution to neonatal death will increase over time as more diagnoses are realized, although these studies typically do not include samples taken postmortem. In addition, the molecular autopsy in perinatal death holds great potential to increase the understanding of known disease genes and for novel disease gene discovery, as extreme phenotypes, such as in utero lethality, are likely attributable to highly damaging variants in genes associated with prenatal human development [15, 38] . As an example, a recent study using WES for diagnosis of perinatal deaths found that 32% of diagnoses represented disorders that had not previously been described as perinatal lethal and 32% of diagnoses resulted in the description of novel disease genes [15] .
Ideally, WES or WGS should be performed as a trio, with samples from the mother, father, and child. This aids in diagnostic yield, as it improves the ability to detect de novo disease-causing variants (those that arose anew in the child), and to confirm the phase of variants that are inherited in a suspected autosomal recessive pattern (one variant inherited from each parent). Regardless, the yield using proband-(affected child) only exome has also been established in infancy [44] . In addition, in cases of fetal death with no available fetal sample, sequencing of only the parents can suggest a genetic diagnosis, particularly in consanguineous families [15] . WES or WGS can be performed on a blood sample or from tissue samples that have been properly collected and stored (Table 2) . WES from a clinical laboratory has a turnaround time of~3-4 months, although protocols have been established on a research basis for rapid WGS, with a turnaround time of 26 h [17, [41] [42] [43] . Clinical genetic testing laboratories now offer a "rapid exome" product with a 1-2 week turnaround time that may be useful in the event of an impending neonatal death as results may return in time to impact management or aid in decisions regarding redirection of care, as has been demonstrated in recent studies [16, 41, 42, 44, 45] .
There are multiple possible results from WES or WGS (as well as from other genetic tests). A "positive" result indicates that a variant was found in a known disease gene that either is known to cause disease or is very likely to cause disease on the basis of established criteria [46] . It is important however, to correlate the clinical findings with the genetic results, especially in cases reported as "likely pathogenic" as this is not, of itself, confirmatory. A "negative" result means that no such variant was found, though does not necessarily mean that the disorder is not genetic. There are also results that are unclear, termed "variants of uncertain significance", or VUS (Table 3) . In order to establish causality from a VUS, supporting data from other investigations, such as other laboratory tests or tissue biopsies, may be critical. For example, if a VUS is found in a gene associated with an inborn error of metabolism, the results of the basic metabolic evaluation (amino acids, acylcarnitines, acylglycines, organic acids) may help to support or refute the diagnosis. If a skin biopsy was obtained and fibroblasts cultured, enzyme activity can be measured in the fibroblasts that can also support or refute the diagnosis. Histological or imaging studies may also provide information important to the interpretation of the genomic data.
When pursuing genetic testing, particularly WES or WGS, the involvement of a medical geneticist or genetic counselor is important, as pre-and post-test counseling and informed consent are essential aspects of the testing process. Many centers do not have direct access to a clinical geneticist, or to a cytogenetics or molecular genetics laboratory. If the appropriate samples are saved, particularly frozen blood in an ethylenediaminetetraacetic acid (EDTA, or purple top) tube, genetic testing can still be coordinated postmortem with the aid of professional societies, such as the National Society of Genetic Counselors (NSGC). The NSGC has developed a website detailing resources available for postmortem genetic evaluations, including appropriate postmortem samples to be saved for genetic testing, an information sheet for family members, an authorization form to release autopsy results and samples for testing, sample letters of medical necessity for insurance companies, and contact information for reaching the NSGC Postmortem Group of genetic counselors [47] .
Importance of finding a diagnosis
Although a diagnosis obtained prior to death can provide information to aid in the decision to limit therapies that are considered futile, or to aid in the decision to withdraw lifesustaining medical technologies (or even suggest interventions to prevent neonatal demise), a confirmed diagnosis that is obtained postmortem can still be valuable to the family. In the setting of a genetic disorder, there may be implications for reproductive counseling to the parents regarding recurrence risk (the chance of having another affected child). If a molecular genetic diagnosis is found, clinicians can offer families the opportunity for reproductive planning using in vitro fertilization with pre-implantation genetic diagnosis to avoid having another child with the same condition. There may also be implications for testing of other family members who may be hidden carriers of a 
Conclusion
In the event of a perinatal death or death in early infancy, many options exist for investigation of the underlying cause. Traditional investigations, including a history and physical examination and a complete autopsy, provide a large amount of useful information. Newer genomic sequencing technologies hold expanding potential to provide answers to families and care providers and to provide valuable information to the medical and scientific community.
